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Abstract— An implantable joint-angle transducer (IJAT) was 
implemented to provide command-control information from 
the wrist for functional neuromuscular stimuiation (FNS) neu- 
ropiosthcses. The IJAT uses the Hall effect to sense joint angle. 
Hie objectives of this study were to evaluate (1) chronic func- 
tionality, (2) safety and biocompatibiliry, (3) repeatability of 
the implantation procedure, and (4) clinical feasibility Accel- 
erated bench testing projected an operating period of over 50 
years. In cluonic animal experiments, stable output was 
obtained from three of four IJATs for periods of 10 to 
19 months. Histology revealed acceptable osseointegration of 
the implant. The device has been implanted in human subjects 
for over 2 ycais and provides an excellent conUol signal for 
hand grasp. We conclude that this device is safe and effective 
for chronic human use as a control input for an implanted hand 
neuiopiosthcsis. 
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INTRODUCTION 

Functional neuromuscular stimulation (FNS) restores 
function in individuals with tetraplegia or paraplegia by 
stimulating muscles with upper motor neuron paralysis 
[1,2). In upper-limb applications in subjects with tetra- 
plegia, hand grasp and release have been successfully 
achieved with the use of an implanted stimulator system. 
Paralyzed hand muscles are activated in selected 
sequences, allowing the hand to open and close in func- 
tional grasp patterns. A first-generation implantable sys- 
tem has undergone multiccnter clinical trials [3], 
culminating in Food and Drug Administration (FDA) 
approval and commercial availability. A second -genera- 
tion system was developed that employs implanted sen- 
sors for control (Figure 1) and an implantable stimulator 
telemeter (1ST) [4,5]. 

A user has voluntary control of a neuropiosthesis 
through the acquisition of a command control signal. Sig- 
nals that have been used for mid-cervical-level spinal 
cord injured individuals include wheelchair-mounted 
contaol, shoulder movement, head movement, wrist 
movement, myoelectric signals, hand switches, voice 
control, and EEG (electroencephalogram) signals [6-12], 
The use of wrist angle as a command control source has a 
number of advantages over many other sources of com- 
mand control [9,13]. Wrist position has a natural syn- 
chronization with hand opening and closing and emulates 
the action of the natural weak tenodesis grasp [14]. This 
natural relationship between the wrist and hand suggests 
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Figure 1. 

FES hand-grasp system with implanted joint-angle sensors Schematic 
of implant stimulator telemeter (1ST), external control unit (ECU), 
and implantable joint-angle transducer (UAT). 



an ideal control relationship. Wrist control can also be 
used as a bilateral control source, allowing two-handed 
manipulation 

Active wrist extension is required to use the wrist for 
control, although active wrist flexion is not required [9]. 
Therefore, wrist control is generally targeted for subjects 
with C6 or lower injuries. Howevei, many C5 subjects 
can gain voluntary wrist extension through tendon trans- 
fer of the voluntary brachioradialis muscle [15]. This pro- 
cedure often provides sufficient voluntary wrist 
extension for control and widens the target population 
[15]. 

Externally mounted transducers have been viable for 
first-generation systems, but have inherent limitations 
[6]. They require donning and doffing, provide inconsis- 
tent signal quality because of changes in mounting, are 
not cosmetically appealing, may encumber some activi- 
ties, may become dislodged during use, and inherently 
have external cabling, which may become entangled and 
break. 

To overcome these limitations, we have developed an 
implantable joint-angle transducer (UAT), capable of 
sensing movement of the wrist (C5- or C6-level injuries). 
Johnson et al. showed a prototype design of the 1JAT that 
was feasible with the use of computer simulations and 
bench-testing [16], A prototype UAT was designed for 
push-fit insertion into a rectangular slot cut into the dor- 
sal surface of the radius, but it proved difficult to insert 
accurately. Histology from an animal study showed 



excessive fibious tissue formation around the implant. 
Therefore, the mechanical aspects of the UAT package 
were redesigned as threaded cylinders, which could be 
surgically inserted with modifications of standard ortho- 
paedic fracture and prosthetic surgery techniques. This 
allowed precise surgical placement and short- and long- 
term positional stability. 

The objectives of the present study were to demon- 
strate (1) chronic functionality, (2) safety and biocompat- 
ibility, (3) repeatability of the implantation procedure, 
and (4) clinical feasibility of the redesigned UAT. 
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Device Specifications 

The inset in Figure 1 shows a schematic of the 
UAT. The UAT senses relative movement between two 
opposing bones across a joint Magnet movement pro- 
duces a changing magnetic field, which is transduced by 
the Hall sensors, as fully described in a paper by 
Johnson et al. [16]. The UAT uses an array of three 
Sprague UGN-3503C linear Hall effect sensors, with 
nominal sensitivities of 1.3 mV/G and an LM336-5.0 V 
voltage regulator assembled into a hybrid circuit on an 
alumina substrate. The substrate is mounted and her- 
metically encased within a laser-sealed titanium cap- 
sule. The capsule is a smooth cylinder, which has a 
threaded collar bonded to its proximal face around the 
lead feedthroughs. Lead wires are connected to the | 
circuitry within the capsule via a hermetically sealed 
pacemaker-grade hexapolar feedthrough (Hittman . 
Materials and Medical Components, Columbia, MD). J 
The UAT sensor connects to the 1ST and is pulse-pow- 
ered at a nominal 34 raA. The magnet is a cylindrical _ 
ncodymium-iron-boron (NdFeB) permanent magnet, I 
mounted and hermetically encased within a laser-sealed 
titanium capsule. In this paper, UAT sensor refers to the 
sensor device in its package, while the magnet capsule 
and sensor capsule specifically refer to the titanium 
enclosures. 



r 
r 



Insertion Tools 

The UAT sensor signal amplitude is particularly sen- ... 
sitive to the distance of the sensor from the magnet, vary- I 
ing as the inverse of the distance cubed [17]. It was 
therefore vital to place the sensor and magnet capsules 
accurately in the targeted bones. The surgical iraplanta- I 
lion of the UAT was designed with cannulatcd instrumen- * 
tation, commonly used in orthopaedic procedures 
(Figure 2). In this method, a narrow guide wire was first [ 
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Figure 2. 

Cannulated procedure foi implant insertion into bone, leading from 
top down: Guide wire inserted, carmulated drill bit, lap used over 
guide wire, and guide wire removed and implant inserted. 



inserted in the target bone The guide wire position could 
be adjusted under fluoroscopy without undue bone 
damage. Once the position was judged satisfactory, the 
bone was drilled and tapped with the use of cannulated 
tools that slid over the guide wire [17]. 

We used standard tools (Synthes 0 ) for some steps in 
the procedure and custom-modified some tools for non- 
standard sizes. Other custom tools, necessary to hold Che 
magnet and sensor capsules during final insertion, were 
designed to fit in standard tool handles (Synthes^), thus 
making the tools simpler to manufacture. Surgical guides 
were designed to enable accurate relative placement of 
the IJAT components, which is essential for achieving 
optimal signal strength from the sensors. One guide 
allowed placement of the lunate guide wire accurately 
and safely; the second allowed the radius guide wire to be 
drilled with the use of lateral fluoroscopy only, thus 
avoiding turning the forearm multiple times to obtain 
two-axis views [17]. 

Neurnprosthctic Implementation 

Existing implanted neuroprosthetic systems rely on 
external signal processing and powering. Therefore, to 
use an implanted sensor such as the IJAT, one must trans- 
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mil the sensor signal out of the body to the external-pro- 
cessing device. We accomplished this by developing an 
1ST device that could both stimulate and transmit a bidi- 
rectional signal [4]. We performed signal and power 
transmission using a transcutaneous inductive link. Sig- 
nals were transmitted from the implant to the external- 
processing device by modulating the impedance of the 
1ST coil [18]. These impedance modulations were 
detected by the external coil and the raw IJAT sensor data 
recovered [4,18]. 



METHODS 

Chronic Functionality 

We demonstrated chronic functionality of the IJAT 
through accelerated soak testing of four instrumented 
IJAT capsules. The test capsules were manufactured with 
feedthrough pins but without the IJAT sensors. Because 
no electronics were placed inside the device, current 
leakage measurement during testing could be attributed 
to problems with the external packaging rather than with 
the internal electronics. The sensors were immersed in a 
0.9 percent saline bath at 90 °C, which provides an accel- 
eration factor of 32 relative to body temperature based on 
the Arrhenius equation [19]. The sensors were powered 
at 60 ms intervals for 100 |is with a nominal 32-mA cur- 
rent, which corresponds to constant daily use in a neuro- 
prosthetic system. The resistances between each IJAT 
lead and bath and between leads were recorded daily. 

Safety and Biocompatibility 

We studied safety and biocompatibility in an animal 
model by measuring the chronic performance of the IJAT 
and by examining the tissue surrounding the implant. The 
IJAT was implanted in the right wrists of four dogs. 
Three dogs also were implanted with the 1ST and one 
without the 1ST The implantation for the animal studies 
was done under general anesthesia, under full aseptic 
procedures. All procedures followed institutional guide- 
lines for animal care. 

Implantation Procedure 

Wc inserted the magnet into the radiocarpal bone in 
the dogs and in the lunate in human subjects. A single 
long dorsal incision was used to expose both the carpal 
bone and the radius. The implantation sites were first tar- 
geted with guide wires under fluoroscopic control. We 
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then followed this by drilling and tapping over the guide | 
wire using cannulated instruments. The sensor was i 
inserted in the radius so that its face abutted the subchon-* . 
dral bone. Next, we connected the 1JAT leads to the 1ST , 
temporarily. IJAT data were displayed in real time on a , 
computer screen as the magnet was slowly inserted. The 
displayed data showed both the baseline offset of the 
three sensors and the optimum position of the magnet. 
We optimized the offset to be near the center of the 12-bit 
analog-to-digital (AD) range by aligning the magnet axis 
correctly. The sensor and magnet insertion tools were \ 
removed, and the JJAT was disconnected from the 1ST. 
Then we implanted the 1ST in front of the shoulder. The , 
IJAT leads were routed subcutaneously and connected to ( 
the 1ST, and lead wires were capped for the IJAT-only j 
implant (dog 1) or tunneled subcutaneously and attached 
to an implanted 1ST (dogs 2 to 4). 

At the end of the procedure, sensor baseline data ( 
were collected along with flexion-extension range of 
motion data with the use of an external potentiometric ! 
goniometer. Three static trials at five wrist positions (0°, 
30°, 60°, 90°, and full flexion) and three dynamic exten- 
sion-flexion trials were collected. Anteroposterior (AP) 1 
and lateral X rays were taken of the wrist and the scapu- 
lar area for the 1ST. We closed all surgical wounds and 
applied a plaster cast to the animal's foreleg and chest. 
The cast was maintained for 6 weeks. One animal (dog 1) 
was implanted with only an IJAT. The ends of the IJAT 
leads were sealed with silicone caps before wound clo- 
sure. Data for this IJAT were gathered through a bread- 
board 1ST. The remaining three animals had full system 
implants, with IJAT, 1ST, and ten epimysial electrodes 
(four in the triceps, two in the biceps, and two each in 
wrist extensor and flexor). 

< 

Histological Analysis 

At the terminal experiment, tissue including the dis- 
tal radius (containing the IJAT sensor) and all the carpal 
bones (including the magnet) was dissected and pro- 
cessed for histology. We used hard-tissue techniques for 
undecalcified bone histology with toluidine blue as a sur- 
face stain to differentiate between nonmineralized carti- 
lage, calcified cartilage, fully calcified bone, and 
incompletely calcified bone [20]. We studied sections 
under a microscope (Olympus BX-60) with surface light- 
ing and photographed with an overlying scale (grid size = * 
0.1 mm) at a magnification of 3.75. The photographs ! 
were scanned and digitized, and the percentage of the i 



perimeter of each sectioned implant that directly con- 
tacted the bone was measured. We performed statistical 
analysis on the bone contact percentages using analysis 
of variance (ANOVA). We also made contact radiographs 
(Faxitron; model number 8050-010) of each histological 
section to show mineralized bone around the implant. 

Repeatability of Implantation Procedure 

Accuracy of the surgical placement was measured in 
postimplant X rays in both animals and human subjects. 
We performed a radiographic assessment of the accuracy 
of surgical placement by measuring deviations of the 
components from the optimal position. The optimal posi- 
tion was defined in presurgical template X iays. The 
magnet capsule was required to be positioned centrally in 
the lunate, and the sensor capsule was required to abut 
the subchondral bone of the radius. We minimized mea- 
surement errors caused by X-ray magnification by mea- 
suring the diameter of the magnet capsule (physically = 
4.5 mm) on the X rays and using that as a correction fac- 
tor. The following parameters were measured: 

• Magnet-sensor distance measured from the center of 
the magnet to tire center of the face of the sensor. 

• The distance of the center of the magnet from the 
carpal center, measured on AP X rays (carpal center 
defined by the intersection of two orthogonal 
diameters). 

• The distance of the center of the face of the sensor 
from the intramedullary boundary of the radial sub- 
chondral bone. 

• The IJAT sensor range, normalized for a range of 
wrist movement, was also calculated. This range was 
computed as the average of the three sensors in the 
IJAT for a 90° wrist movement. Since the IJAT output 
is very sensitive to the magnet-sensor distance, this 
computed sensor value was selected as another mea- 
sure of optimal surgical placement of the device. 

Characterization of Sensor Output In Vivo 

In both the animal model and in the human subjects, 
we recorded IJAT data with external electrogoniometry. 
Sensor noise, sensor output versus external wrist angle, 
and sensor outputs over time were analyzed- 
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Animal Model 

Device Assessment Every 2 weeks, with the three 
dogs under sedation, vvc measured sensor data using 
the telemeter. In dog 1 with only an IJAT, sensor 
recordings were made only at implantation and at 
explanation. With the use of an external reference 
goniometer, one static trial at five wrist positions (0°, 
30°, 60°, 90°, and full flexion) and three dynamic 
extension-flexion trials were taken. X rays of the limb 
weie taken at 6 weeks, 6 months, and at explanation. 

Data Analysis* We analyzed chronic IJAT data to 
determine the stability of the sensor signals. Sensor noise 
was evaluated by computing the root mean square (rms) 
value of noise for static trials, where the wjist was held in 
a steady position. For the animals, we compared IJAT 
values for wrists at 0° extension. This was feasible 
because the dog wrist had almost no radial or ulnar devi- 
ation. The sensor output was also averaged for the three 
sensors and normalized to a 90° flexion range to allow 
comparisons across animals. 

Implementation in Human Subjects 

Subjects. Two human subjects, who sustained tetra- 
plegia at the C6 level, secondary to spinal cord injury 
(clinical summary shown in Table 1), were recipients of 
the IJAT. The surgical procedure was similar to that used 
in the animal studies; except that in human surgeries, a 
tourniquet was used and the forearm was casted for 4 
weeks followed by physical therapy to strengthen wrist 
movement. These procedures were approved by the 

Table I. 

Clinical summary of two human subjects 

Subject 

Variables — — — — 

1 2 

Age at Injury 21 28 

Cause of injury Fall Diving Accident 

Injury Level: Right: C6[OCu:2] Right: C5[O:0] 

Left: C6[OCu:3] Left: C6[OCu:2] 

Age at IJAT Implant 23 48* 

Yeais postinjuiy 2 20* 

Side on which IJAT Right Left 1 

& 1ST implanted 

"Had 8-chaar,cl siimuloioi on left side q( age of .37, 9 yeais postinjuiy This 
was changed lo 1 0-charoicl 1ST and LI AT at age of 48 
^Also has 8-channcl siimulatoi on right side implanted at age of 47. 
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Institutional Review Board, conducted under an Investi- 
gational Device Exemption. Post implantation X rays ate 
^shown in Figure 3. 

Control Signal Assessment. Sensor signals were 
recorded approximately monthly. The range of the sensor 
was recorded for a full, voluntary extension from a posi- 
tion of gravity-aided wrist flexion, with the elbow at 90° 
and the forearm fully pronated. We found this a 
reproducible measure in contrast to trying to hold the 
wrist at an intermediate static position. Wrist angle was 
measured with an external, biaxial electrogoniomcter 
(Penny-Giles®). Data for some trials were also obtained 
from a three-dimensional (3-D) optical tracking device 
(OPTOTRAK®). 



RESULTS 

Chronic Functionality 

The accelerated life tests for all the IJAT capsules 
have demonstrated no leakage for periods estimated to be 
over 50 yeais. This lifetime exceeds that anticipated for 
human subject use. 

Safety and Biocompatibility 

All the animals regained full range of wrist motion 
(equal to the opposite limb) and were fully weight-bear- 
ing within 6 weeks of removal of the plaster cast. Six 
months after implant, dog 2 developed a flank sinus fol- 
lowing a cage trauma. The IJAT signals, which were sta- 
ble until this time, started to decline because of a current 
leakage at the lead connector site that was near the sinus. 
The sinus eventually was tracked to the IJAT sensor site 
at the wrist There were no other clinical complications in 
the animals. 

There were no clinical complications in the human 
subjects. Presurgery joint movement was restored within 
8 weeks of cast removal and has remained stable for over 
2 years. Follow-up radiography did not reveal any signs 
of orthopaedic complications. We were particularly 
aware of the possibility of avascular necrosis in the 
lunate. This was not observed radiographically. 

As for the histology of the study, all four magnet 
capsules implanted in the dogs showed excellent osseoin- 
tegration. The bone staining with toluidinc blue was an 
even blue color across the whole section, implying that 
the peri-implant bone was stable without any ongoing 
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figure 3. 

Radiographs of implanted I J AT ElecUodc leads to intrinsic muscles axe also visible 



new bone formation. Bone had grown into the thread 
interstices and behind the head of the magnet capsules 
(Figure 4). There were no fibrous tissue-filled gaps, 
implying a chronic, stable implant. The entry points on 
the dorsal surface of the carpal bones were healed in all 
four animals. We noticed no abnormalities in the joint 
cartilage of the carpal bone or the radius, lire percentage 
of bone-to-implant contact was 50 percent. 

Two of the four sensor capsules (dogs 1 and 3) had 
similar histology to the magnet capsules. The bone was 



stable and had grown into the threads and closed in 
around the shoulder of the device (Figure 5). The exiting 
leads were tightly surrounded with bone. There were no 
fibrous tissue gaps between the implant and bone. The 
percentage of bone-to-implant contact was 21 percent. 

Dog 2 had a cage injury 6 months following 
implantation. This led to a sinus infection, which 
tracked down the leads to the IJAT sensor after the sixth 
month. The chronic infection (pseudomonas aerugi- 
nosa) caused a chronic subclinical osteomyelitis, which 
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Figure 4. 

Micioscopy of magnet (magnification x5 and x20). 



Figure 5. 

Micioscopy of sensor (magnification x5 and x20). 
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resulted in bone dissolution. Bone buttressing could 
still be seen behind the implant shoulder, which sug- 
gested thai originally the implant had healed well. A 
paucity of bone around the sensor capsule had a fibrous 
tissue gap that measured between 0.2 to 0.5 mm. Direct 
bone-to-implant contact was present in some areas and 
averaged 4 percent. Dog 4 had a sensor that was not 
inserted deep enough into the radius. This sensor also 
showed a fibrous tissue gap of 0.1 to 0.5 mm with bone- 
implant contact of 3 percent. An ANOVA of the bone 
contact percentages showed a significant difference 
between the devices (p value approximately ~ 0) and 
the dogs (p value = 0.031). In spite of the lower bone 
contact in these two sensor capsules, contact radiogra- 
phy of the sensor capsules for all four animals did not 
reveal any evidence of implant migration, and the IJAT 
functioned properly. 

Repeatability of Implantation Procedure 

All six magnet placements were judged accurate, and 
four of the six sensor placements were accurate. The 
placement parameters for both the dogs and humans are 
presented in Table 2. Magnet capsule insertion was accu- 
rate to within ±1 mm. The sensors in dogs 1 and 4 were 
not at the optimal depth. In dog 4, this shallow insertion 
led to one comer of the sensor abutting on the radius cor- 
tex. In our first human subject, the sensor was not 
inserted deep enough at surgery, resulting in lower IJAT 
sensor outputs. This was a result of the learning curve for 
the surgery. The IJAT was positioned optimally in the 
second human subject. 

Characterization of Sensor Output In Vivo 

Sensor noise varied from 0.1 to 06 mV rms across 
all static trials, including both hard-wired and radio-fie- 



Tablc 2. 

Placement parameters of UAT in animals 



Parameters 




Animals 




Humans 


al 


a2 


83 


a4 


bl b2 


Magnet-sensor distance (mm) 


13 


11 


11 


13 


15 9 


Distance of sensor from ideal 
position (mm) 


4 


2 


1 


3 


5 0 


Distance of magnet fiom ideal 
position (mm) 


2 


0 


1 


0 


2 I 


Sensor Output/90 0 ROM (mV) 


5 


12 


1 


3.8 


4 30 
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quency-linked data recovery. The sensor voltage noise 
was normally distributed (R value > 0.997 on a Q-Q sta- 
tistical plot). These values compared well with previous 
data on the IJAT [21]. 

In the chronic animals, the changes in the average of 
all three sensor values for each IJAT at 0° wrist, between 
implant and explant, are shown in Figure 6. The data 
were normalized on the j>-axis to the output range for a 
90° wrist movement. Thus, in dogs 2, 3, and 4, the offset 
changes are less than three times the functional range 
over periods of 10 to 19 months. Dog 1 had a larger drift 
in sensor offsets. This was the first IJAT capsule manu- 
factured, and it had some epoxy cavitation. This offset 
drift was attributed to capsule leakage. All future IJATs, 
including those bench tested, were made with an 
improved manufacturing technique. At explanation, 1 1 
out of 12 sensors from the four IJATs were functional. 
One sensor in dog 4 was not working. The cause for this 
could not be investigated without jeopardizing the 
histological preparation and was therefore not done. 
Tahle 3 shows the time course and major events for the 
four implants. 

The IJAT sensor output was stable in the two human 
subjects. Figure 7 shows the maximum and minimum 
values for all three Hall sensors in the IJAT in subject 2 
(JHJ). Figure 8, for the same subject, shows the mean 
range of the IJAT for voluntary wrist extension and grav- 
ity-assisted wrist flexion with the forearm pronated, over 
time. These graphs demonstrate the low shift in the 
sensor offsets and the stability of the output signal range 




Figure 6. 

I TAT data trom in vivo smdy Offset changes normalized to 0 al 
implant surgery and mean AD range. 
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Table 3. 

Summaiy of animal implants. 

Animal 

Major Event 1 2^ 3* 4* 

Implant Type UAT IJAT+ UAT + IJAT + 

1ST 1ST 1ST 

Totallmplant U 19 10 15 

Time (Mo.) 

UAT Status Functional Functional Functional 2 sensors 
at Explant functional 

* Sinus @ 6 months postimplani 
1 1ST failuzc @ 3 months 

* 1ST failure at 6 weeks 



over time At a subsequent date, we repaired the 
connectors using a custom designed silastic sleeve [22]. 
UAT sensor values were restored and have been stable 
since this repair (more than 1 year). 

Figure 10 shows UAT output as a function of volun- 
tary wrist extension-flexion angle (wrist angles were 
obtained with OPTOTRAK®). The nonlinear output is 
shown for all three sensors. The output can be linearized 
as is shown for sensor 1 . This linearization allows use of 
a simple two-way lookup table to assign wrist angles 
from UAT data during functional use of the 
neuroprosthesis. 



for a reproducible range of voluntaiy wrist movement. 
Figure 9 shows the range of the three UAT sensors for 
the mid-range value of voluntary wrist flexion and exten- 
sion for subject 1 (CHJ) over time. In this subject, an 
iatrogenic injury at surgery produced leakage from the 
UAT connectors (where the IJ AT leads are attached to the 
1ST). This resulted in the decline of the sensor output 



DISCUSSION 

We developed an implantable joint-angle transducer 
that can be safely implanted in the human wrist and 
provide adequate output for use in neuroprosthetic sys- 
tems. We were able to demonstrate chronic functionality, 
device safety, and device biocompatibility by a combina- 




Flgure 7. 

Maximum and minimum values of all thiee sensors over time for human subject 2 (JHJ) 



J 




100 

Diy* postdp 

9 Figure 8. 

1_U UAT sensor output lange foi voluntary wrist extension over lime in 
human subject 2 (JHJ) (average maximum-minimum range of all three 
sensors) 
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tion of bench tests and in vivo experiments. The 

■ implantation procedure was accurate and resulted in 
secure placement of the implanted components in the 
target bones. 

The sensor output from the IJAT had a nonlinear 
relationship to wrist angle, as would be expected from a 
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magnetic sensor with a rotating magnetic field. The 
output depended not only on the magnetic field angle but 
also on the changing magnet-sensor distance caused by 
screw-axis movements of the carpal bones [23]. In spite 
of these complexities, the sensor output could be linear- 
ized over a functional wrist angle range and the resultant 
output used for command control with the use of a 
lookup table. The critical factor was the resolution of the 
device, and this depended primarily on the output range. 
The signal range was larger where the magnet-sensor 
distance was minimized. This implied that it was impor- 
tant to position the sensor close to the subchondral bone 
of the radius. This is shown in Figure 11, where the 
normalized IJAT output for a 90° range of motion is 
plotted versus magnet-sensor distance for both animal 
and human implants. This graph shows the critical rela- 
tionship between IJAT sensor output and the magnet- 
sensor distance achieved at implantation. Functionality 
of the implanted sensor has been demonstrated in both 
human subjects In human subject 2 (JHJ), the sensor 
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Figure 10. 

UAT output over wiist extension-flexion in human subject 2 (JHJ) 

signals have excellent range and have been stable for 
over 2 years. There are approximately 30 control levels 
available. In human subject 1 (CHJ), the magnet-sensor 
distance was not minimized and the resulting signal 
range piovided approximately four potential control 
levels. The best-case angle resolution has been 3°. 

Stability of the implant in the bone was demon- 
strated. Five out of six implants showed stable sensor off- 
sets over 10 to 26 months. This is a very sensitive 
indicator of stability of the implants, since the sensor out* 
put would be markedly changed by minimal changes of 
distance between the magnet and the sensor. The 
histology showed excellent bone-implant interface, 
implying absence of movement of the implant. 

The nonlinearities of the sensor output changes from 
radial-ulnar deviations have not affected implementation 
of the 1JAT in command control. Voluntary movement in 
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Figure It. 

UAT output (mV) normalized to 90° tange of motion versus magnet- 
sensor distance for all six I J AT implants. 



(he subjects was essentially uniaxial The functional 
range of wrist movements used for control is 30° flexion [ 
to 45° extension, which is within the range of the UAT. * 
Could the UAT provide sufficient resolution for feed- 
back control? Crago et al. give estimations of required ] 
performance and suggest 0.5° is required, [24] but this is "* 
very demanding and perhaps not justified clinically. One 
could possibly increase resolution by using sensors with j 
higher sensitivities, either Hall sensors or alternate mag- 1 
netic sensing technologies, such as magneto-resistive 
sensors. Signal averaging of the sensor outputs will also fj 
increase the signal-to-noise ratio. Increased sensitivity of i 
the sensors also implies that the magnet-sensor distance 
could be increased. This sensitivity may allow placement 11 
of the magnet on the capitate (the movement of which li 
has a linear relationship to wrist angle) and would 
improve the functionality and applications of this device A 
to other joints of the body. g 

Not one of the six implantations had surgical compli- 
cations, and usable UAT output was obtained in all cases, (j 
The threaded design resulted in a stable implant, which I 
could be precisely positioned. Since the implants were 
not weight-bearing, surgical grade titanium without spe- ff 
cial surface preparation or coatings was believed to be | 
adequate for the packages. The potential risks and com- 
plications in the UAT procedure were addressed in this j 
research, for example, infection, restriction of joint f 
movement, avascular necrosis of the lunate, pathological 
fracture of the tadius, and sensor failure. The precautions j 
we used against infection were aseptic surgery and the | 
use of prophylactic antibiotics. If late infection occurred, 
one or both UAT components would be removed and * 
aggressive orthopaedic treatment for bone infection insti- 1 
tutcd. Though the radius remodels around the lead hole, 
pathological fracture was a possibility in our subjects . 
because of their osteoporotic bones. Any fracture would I 
have been treated with standard fracture techniques with 
removal of the sensor, if necessary. Interventional sur- . 
gery following infection or fracture may have required J 
additional bone grafts in the radius. If the sensor had 
failed, we would not have attempted to remove it, since it 
would have been destructive on the radius. Alternate I 
command control schemes would have then been used 
for control The entry point of the magnet encroaches on 
the articular surface of the lunate and results in fibrous f 
scarring. Joint restriction was minimal, since this part of 
the lunate contributes only a small percentage of the 
extension movement. There have been no functional jj 
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extension deficits in either human subject. We minimized 

J the risk of joint damage on the radial side by ensuring the 
sensor capsule did not transgress the subchondral bone of 
the distal radius. 

J The IJAT has been specifically designed for the wrist 
joint Further work has to be done if this type of trans- 
ducer is to be used around other joints. The main obstacle 
! ■ is the sensitivity of the IJAT to the magnet-sensor dis- 
--rW tance, which is constrained by magnet size and Hall sen- 
j sor sensitivity. Improved Hall sensor technology and/or 

J alternative magnetic sensing sensors (for example mag- 
neto-resistive) would allow smaller magnets and more 
flexible placement of the two components. Future 

■ designs could even allow attachment of flat capsules to 
cortical surfaces of bone, which would largely simplify 
the surgical procedure. 
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CONCLUSION 

An IJAT has been developed that can be safely 
implanted in the human wrist and can provide adequate 
output for use in neuroprosthetic systems. The transducer 
has been successfully implanted in two human subjects 
as part of an implanted neuroprosthesis. The best-case 
angle resolution of the sensor is 3° and the expected 
lifetime is over 50 years. 



ACKNOWLEDGMENTS 

The research and development presented here meets 
and addresses the clinical core mission of the Veterans 
Administration. This study was funded by the Depart- 
merit of Veteran's Affairs Rehabilitation Research and 
Development Service (B011-7RA) and by the National 
Institute of Health (NS 29549). 



i 



REFERENCES 

1. Keith MW, Pcckham PH, Thrope GB, Buckett JR, Stroh 
KC, Menger V. Functional neuromuscular stimulation ncu- 
roprostheses for the tetiaplcgic hand. Clin Orthop 1988; 

(233):25-33 a . 

2. Peckham PH, Keith MW, Frcehafer AA. Restoration of 
functional control by electrical stimulation in the upper 



421 



BHADRA et at. Implementation of an IJAT 

extremity of the quadriplegic patient J Bone Joint Surg 
Am 1988;70(1): 144-48 

3. Peckham PH, Keith MW, Kilgore KL, Grill JH, Wuolle 
k KS, Thrope GB, et al Efficacy of an implanted neuropros- 
thesis for restoring hand grasp in tetraplegia: A multicenter 
study. Arch Phys Med Rehab 200 l;82(10):l 380-88. 

4. Smith B, Tang Z, Johnson MW, Pourmehdi S, Gazdik MM, 
Buckett JR, ct al. An externally powered, multichannel, 
implantable stimulator-telemeter for control of paralyzed 
muscle IEEE Trans Biomed Eng 1998; 45(4):463-75. 

5 Smith B, Peckham PH, Keith MW, Roscoe DD. An exter- 
nally powered, multichannel, implantable stimulator foi 
versatile control of paralyzed muscle IEEE Trans Biomed 
Eng 1987;34(7):499-508. 

6. Johnson MW, Peckham PH. Evaluation of shoulder move- 
ment as a command control source. IEEE Trans Biomed 
Eng 1990;37(9):876-85 

7. Buckett JR, Peckham PH, Stiother RB. Shoulder position 
control, as an alternative control technique for motion 
impaired individuals. Proc Int Conf Rehabil Eng 1980: 
244-47. 

8. Handa Y, Handa T, Ichie M, Murakami H, Hoshimiya N, 
Ishikawa S, et al Functional electrical stimulation (FES) 
systems for restoration of motor function of paralyzed 
muscles— Versatile systems and a portable system. Front 
Med Biol Eng 1 992 ;4(4):24 1-55. 

9. Hart RL, Kilgore KL, Peckliam PH. A comparison 
between control methods for implanted FES hand-grasp 
systems. IEEE Trans Rehabil Eng 1998;6(2):208-18. 

10 Saxena S, Nikolic S, Popovic D. An EMG-controlled 
grasping system for tetraplegics. J Rehabil Res Dev 1995; 
32(1): 17-24. 

11. Handa Y, Handa T, Nakatsuchi V, Yagi R, Hoshimiya N. A 
voice-controlled functional electrical stimulation system 
for the paralyzed hand, lyodenshi To Seitai Kogaku 1985; 
23(5):292-98 

1 2. Lauer RT, Peckham PH, Kilgore KL. Motor systems: EEG- 
based control of a hand grasp neuroprosthesis. Ncuroreport 
1999;10(08):1767-71. 

13. Prochazka A, Gauthier M, Wider M, Kenwell Z. The 
bionic glove: an electrical stimulator garment that provides 
controlled grasp and hand opening in quadriplegia. Arch 
Phys Med Rehabil 1997;78(6):608-14. 

14. Johnstone BR, Jordan CJ, Buntine JA. A review of sur- 
gical rehabilitation of the upper limb in quadriplegia. 
Paraplegia J988;26(5):317-39. 

15. Keith MW, Kilgoie KL, Peckham PH, Wuolle KS, Creasey 
G, Lemay M. Tendon transfers and functional electtical 
stimulation for restoration of hand function in spinal cord 
injury J Hand Surg [Am] 1996;21(l):89-99. 

16 Johnson MW, Peckham PH, Bhadra N, Kilgore KL, 
Gazdik MM, Keith MW, et al. Implantable Uansducer for 



l 



I 



422 



Journal of Rehabilitation Research and Development Vol. 39 No. 3 2002 



two-degrcc of freedom joint-angle scosing. IEEE Trans 
Rehabil Eng 1 999;7(3):349-59. 
17 Bhadra N. Implementation of an Implantable Joint-angle 
Transducer [master's thesis). Cleveland: Case Western 
Reserve University; 2000. 

18. Tang Z. A multichannel implantable stimulation and telem- 
ctiy system for neuromuscular control [dissertation]. 
Cleveland (OH): Case Western Reserve University; 1997. 

19. Chang R. Chemistiy. 2nd ed. New York: Random House; 
1984. 

20. Dickson GR, editor. Methods of calcified tissue prepara- 
tion. New York: Elsevier; 1984. 

21. Johnson MW. An implantable transducer for two-degree- 
of-freedom joint-angle sensing [dissertation]. Cleveland 
(OH): Case Western Reserve University; 1994. 



t- 

22. Strpjnik P, Stage TQ Bhadxa N, Kilgore KL Structured 
sleeve for repair of implantable in-line connectors. Medl 
Biol Eng Comput 2000;38(4):473-75. |- - 

23 Bergcr RA, Crowninshield RD, Flatt AE. The three-dimen- 
sional rotational behaviors of the carpal bones, Clin Orthop|r 
!982(167):303-10 I 

24 Crago PE, Chizcck III, Neuman MR, Hambrecht FT. Sen- 
sors for use with functional neuromuscular stimulation. 
IEEE Trans Biomcd Eng 1986;33(2):256-68. 



Submitted for publication January 18, 2000. Accepted in 
revised form June 1 1 , 2001 . ^ 



r 

r 
r 

r 
r 



r 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

J& REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



